Nijmegen breakage syndrome (NBS) is a rare human
fibroblasts grew poorly and reached senescence after ‫01ف‬ increased proliferative capacity. Yet, at Ͼ25 PD (population doubling), 880823H cells yielded shorter TRF and Decreased telomere length and poor proliferation in Nijmegen breakage syndrome cells. (a) Peripheral blood mononuclear cell genomic DNA was isolated, and telomere lengths were assessed by in gel hybridization using a radiolabeled telomere repeat probe, (C 3 TA 2 ) 3 . A comparison of mean Terminal Restriction Fragment (TRF) from NBS patients and unaffected individuals (NBS ϩ / ϩ ) is shown. (b) Primary fibroblasts from three NBS patients and an unaffected individual were compared for population doubling over time. The three NBS cultures (GM07166, 780816J, and 880823H) had poorer growth properties than the control culture (IMR90). (c) Cell cultures at early and late passage were compared for telomere TRF by in gel hybridization.
reduced the proliferative capacity, in contrast to wild-type absence of NBS did not alter in vitro telomerase activity scored with the TRAP assay (data not shown). fibroblasts, IMR90 (Figure 1b) . Therefore, 880823H cells also reveal an NBS-related defect after extended passaging. For early passage of GM07166 and 880823H cultures, NBS cells are hypersensitive to gamma irradiation (␥R) the doubling times were equivalent to that of IMR90 [1] , reflective of DNA repair or DNA damage signaling cells, indicating that the NBS cells had not undergone defects. We observed that NBS ϩ /TERT ϩ cells derived more cell divisions (data not shown). We conclude that from GM07166 or 780816J fibroblasts had significantly NBS fibroblasts have evidence of premature telomere elevated the ␥R cell survival properties (Figure 2a) . In malfunction. Thus, it is possible that the observed reduccontrast, TERT ϩ cells from either patient source retion in telomeric DNA for NBS mononuclear blood cells mained radiosensitive. GM07166 NBS ϩ /TERT Ϫ cells may contribute to the poor proliferative immune rewere also found to reconstitute normal survival following sponses of these patients [14] .
␥R, but 780816J NBS ϩ /TERT Ϫ cells could not be established (data not shown). Therefore, restoration of NBS expression reconstitutes the DNA repair and damage sigThe absence of NBS may hamper telomere metabolism naling defects of NBS cells. in diverse ways. NBS-containing complexes and DNA repair subunits of the DNA-dependent protein kinase have been shown to localize to telomeres, and NBS is NBS fibroblasts with added TERT and/or NBS were next evaluated for telomere extension. The presence of NBS capable of interacting with telomere-asssociated TRF proteins [6, 7] . Likewise, patients with ataxia telangiectasia, or TERT alone had no restorative effect on telomere length (Figure 2b) . Strikingly, the coexpression of NBS ATM, exhibit telomeric repeat shortening in blood cells [15] , and NBS is regulated by ATM protein kinase and TERT generated telomere lengths significantly greater than the parental values for three independent phosphorylation in DNA damage responses [16, 17] . As telomerase is likely to function coordinately with other infections for the two cell lines (Figure 2b ). For the GM07166 TERT ϩ cells, TRF values were increased from proteins, NBS may positively facilitate the telomerelengthening process in steps such as t-loop formation and 7.35 to 11.71 (p ϭ Ͻ0.015) by the addition of NBS. Likewise, TRF values were as follows for 780816J (7.9 kb), function or cell cycle-specific associations [6] . Therefore, to study the role of NBS in telomere regulation, we intro-780816J TERT ϩ (11.5 kb), 780816J TERT ϩ WZL (11.9 kb), and 780816J NBS ϩ /TERT ϩ (16.6 kb). NBS or WZL duced the NBS gene into NBS fibroblasts via retroviral transduction as previously described [17, 18] (Figure 3d,e) . Also, these cells propagated continuously without evidence of an increase ing an ability of TERT expression to stabilize telomere length, as noted for wild-type cells previously (data not in a subpopulation that was undergoing apoptosis. Proliferation was greatest for NBS ϩ /TERT ϩ compared with shown). Taken together, these findings demonstrate that NBS contributes to telomere extension.
TERT ϩ cells. Therefore, an ability to maintain telomere length, rather than an absolute requirement for NBS or telomerase, influences the senescence checkpoint in NBS One control limiting the replicative potential of normal cells is telomere length, since the entry into senescence cells. and/or induction of apoptosis is correlated with the erosion of telomere repeats [20] . Therefore, we investiMammalian proteins that function positively and in tandem with telomerase have not previously been reported. gated whether the introduction of NBS and/or TERT influences the replicative capacity of NBS fibroWhereas deficiencies in the Ku double-strand break repair and DNA binding complex yield telomere shortening in blasts. GM07166 NBS NBS associates with MRE11 and RAD50 and controls the effects. Telomere metabolism errors may confer many of the pleotropic defects and cancer in NBS patients. As nuclease activity of MRE11 in vitro [3] [4] [5] . Saccharomyces cerevisiae mutations of these genes lead to cells with shortfailure to allow telomere elongation may lead to an increased incidence of tumors in animal models [36, 37] , ened telomeres [29] , double-strand break repair deficiency, and meiotic defects, arguing that the effects we this study defines a plausible role of NBS as a tumor suppressor manifested through a requirement in telomere have observed with mammalian NBS reflect evolutionarily conserved pathways. NBS/MRE11/RAD50 comextension. plexes may facilitate telomerase by modifying telomere DNA ends, opening up the t-loop [6] , or altering chroma-
Materials and methods
tin structure and need not be directly associated with a with VSV-G envelope protein [17, 18, 38] . Drug selections were either 32] and thus may be a transducer of DNA damage signals, with G418 (100 g/ml) or blasticidin (2 g/ml). Approximately [8] [9] [10] possibly including signals at telomeres. Deficiency of controls is also mediated through NBS. Alterations in
The passaging experiment was completed twice.
telomere architecture induce an ATM-and p53-dependent apoptic response in tumor cell lines and primary 
